Cough is one of the most common reasons why patients visit physicians. The opioid codeine has been a mainstay in the treatment of cough for decades and this drug is widely regarded as the 'gold standard' cough suppressant.
Introduction
This review is intended to highlight recent work on the efficacy of codeine to suppress cough in humans. To put these more recent studies in context, older literature in the area is cited and a unified model is presented that accounts for many observations in humans and animal models regarding the effects of codeine as well as recent advances in our understanding of the neural mechanisms of cough. The model represents the application of a novel hypothesis regarding hierarchical control systems theory to our knowledge of the mechanisms of cough.
Significance of cough and questionable efficacy of codeine as an antitussive
Patients often suffer from chronic cough in excess of 4 years [1, 2] . Therefore, there is a strong need for strategies to reduce the severity of cough. Future advances in this area will be incremental without a more detailed understanding of the reflex pathway under normal conditions, during pathological changes in lung function, and the mechanisms by which antitussive drugs suppress cough.
Chronic coughing typically represents the repeated occurrence of this airway defensive behavior in excess of what is required to maintain a patent airway. In some cases, cough can be manifest as paroxysms, or intense repetitive bouts of coughing [3] . The excitability of cough can be elevated in various airway disorders and successful treatment of the underlying cause of cough will return the enhanced excitability of this behavior back to the normal range [4] . It is widely thought that enhanced coughing associated with airway disorders is beneficial and that suppressive treatment will increase the risk of morbidities resulting from impaired clearance mechanisms. Evidence that currently available treatments for chronic cough or suppressive therapies such as codeine will prevent patients from coughing or interfere with cough clearance does not exist.
Codeine is widely regarded as the 'gold standard' cough suppressant drug. The perception has arisen from its efficacy in animal models [5] [6] [7] [8] and in several older studies in humans [9, 10] . These older studies were placebo controlled and involved patients with various airway disorders such as chronic bronchitis or chronic obstructive pulmonary disease [9, 10] . Dextromethorphan, the most common over-the-counter antitussive in the US, has also been shown to be effective in patients with chronic bronchitis in a placebo-controlled study [11] . These studies, as well as many decades of clinical experience, have led to the widespread perception of codeine, and to a lesser extent dextromethorphan, as effective and safe cough suppressants.
More recent studies have raised issues regarding the efficacy of these drugs. Codeine has been used in several double-blind placebo-controlled studies that failed to demonstrate a significant effect of this drug in suppressing cough compared with placebo [12, 13, 14 ] . The dosage ranges of codeine used in these recent studies were similar to those administered in the older reports (30-60 mg). Dextromethorphan has been found to be weakly effective in several studies of cough caused by upper airway disorders [15, 16] but other studies did not find that the drug was effective [17, 18] . The questionable efficacy of codeine on coughing is contrary to the intended purpose of this drug -namely, to provide symptomatic relief of coughing regardless of etiology. As such, the widespread perception of codeine as the 'gold standard' cough suppressant drug must be reevaluated. We suggest that although codeine is probably the best available cough suppressant, no current drug fits the classification of 'gold standard'.
The concept of codeine as a 'gold standard' has several important implications. First, it is likely that codeine is frequently prescribed in clinical situations in which it is ineffective. Presumably, this occurs because of the now questionable perception that codeine should be effective in most clinical circumstances. Also, few other cough suppressant drugs are available. Second, the questionable perception of codeine as a 'gold standard' antitussive agent hinders the drug discovery and development process. Although codeine has a significant side-effect profile, the fact that it is perceived to be broadly effective could present an obstacle to the adoption of discovery programs in the pharmaceutical industry aimed at novel antitussive agents. Moreover, the clinical development of novel antitussive agents can be impaired by adherence to approaches that require comparisons to a 'gold standard' that is actually ineffective. A common approach is to establish a human model in which a gold standard drug is effective. The novel drug can then be tested in that model for efficacy relative to the gold standard. Furthermore, the risk of an outcome in which the novel antitussive drug is ineffective is reduced because the human model was already shown to be sensitive to a cough suppressant drug. The requirement that a human model be established in which a 'gold standard' is effective before testing with a novel drug can be implemented is not met when using codeine. For example, codeine was ineffective relative to placebo in patients with chronic obstructive pulmonary disease during irritant induced cough challenge as well as in a battery of other assessments of this behavior [14 ] . These observations imply that clinical development of a novel antitussive agent is likely to represent a challenging endeavor for a pharmaceutical company.
The reasons for the apparently conflicting data regarding the efficacy of codeine are unclear. We have recently proposed [19 ] that the difference between these studies was related to upper or lower airway involvement of the disorder causing cough, with coughing due to lower airway disorders being sensitive to codeine and that due to upper airway pathologies being insensitive to the drug. Nevertheless, the results of Smith et al. [14 ] do not support this hypothesis. As noted above, they studied patients with chronic obstructive pulmonary disease and reported that codeine was ineffective for cough suppression under ambulatory conditions. Smith et al. [14 ] reported that the previous studies were largely conducted under controlled conditions, such as in research laboratories. This approach contrasts with the trend for similar studies in recent years to be performed under ambulatory conditions [14 ] . Furthermore, Smith et al. [14 ] suggested that the patients in the older studies may have been able to taste the codeine, resulting in an unblinded protocol. While this is possible, we believe that it is unlikely that it would be a problem spanning several studies in different laboratories. The suggestion that different results may be explained by the conditions under which the studies were conducted may mesh with recent work on perceptual factors associated with cough and the central control of the behavior.
The production of cough is associated with quantifiable sensations in humans [20] . An example of this is the 'urge to cough' sensation produced by inhalation of capsaicin in humans with no airway pathology [20] . This sensation increases in direct proportion with the dose of capsaicin and precedes the production of cough by this irritant [20] . The presence of sensations associated with cough in humans indicates that suprapontine pathways, such as the cortex, can be involved in the regulation of coughing. Indeed, humans are capable of voluntarily coughing and can voluntarily suppress cough by a nonopioid mechanism [13, 21, 22] . The extent to which suprapontine mechanisms can contribute to or modify the production of cough in humans with airway pathology is unknown. Furthermore, the role of suprapontine pathways in mediating or modifying the efficacy of antitussive agents in humans is unknown. From work in animal models, codeine and other centrally acting antitussives suppress cough by an action in the brainstem [7, 23] . These findings in animal models do not rule out an important role for suprapontine mechanisms in the actions of cough suppressant drugs. Given these issues, it is plausible that mechanisms associated with consciousness play a far greater role in the efficacy of antitussive drugs than has previously been appreciated. As such, it would not be surprising for the conditions under which clinical studies are implemented to have a profound impact on the efficacy of a cough suppressant drug.
Functional control mechanisms for cough
Clarification of these matters will certainly be facilitated by a greater understanding of the central organization of the cough production mechanism. Considerable detail on the central mechanisms that control coughing is available from animal models [24] [25] [26] [27] [28] . The magnitude and timing of coughing is controlled by a cough pattern generator located in the brainstem [24] [25] [26] [27] [28] [29] which is a complex network of brainstem respiratory neurons that undergo changes in discharge pattern during cough. The current model is based on the hypothesis that a single pattern generator produces both cough and breathing. This hypothesis holds that this pattern generator normally controls the respiratory muscles to produce breathing but can undergo a rapid reorganization known as reconfiguration to produce the cough motor pattern. This hypothesis does not completely explain how cough suppressant drugs act in animal models. To account for the specific effects of antitussive drugs in animal models, we have proposed modification of the current model of the cough pattern generation system to include an additional element, known as a gate [29] . The gating mechanism is proposed to control the excitability of the rest of the cough pattern generation system such that the duration of time over which this gating mechanism is actuated by an airway stimulus determines whether single or repetitive coughs are produced. Furthermore, we proposed that cough suppressants such as codeine act by specific inhibition of this gating mechanism [6, 29] .
The gating mechanism is an example of a functional control element in the cough network. This element is also proposed to account for the permissive effects of slowly adapting pulmonary stretch receptors on cough, an action that is very different than their effects on breathing [30, 31] . The presence of one or more control elements that change the regulation of the controlled system is consistent with a hierarchical control theory first proposed by Koestler [32] . His theory was based on the existence of control elements known as holons that could change the regulation of the subsystems that they controlled. A unique feature of holons is that their influence is not easily predictable by study of the lower level systems that they control [32] . He also proposed that although a holon was a control element that regulated a lower level 
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The model shows multiple control elements for cough (holons) that are organized in a hierarchical manner. Holons are functional entities made up of neural substrates (axonal pathways, groups of neurons, and nuclei) that mediate a particular control mechanism. The model can account for sensations during cough, voluntary cough, the actions of codeine in animal models, and the recent difficulties in demonstrating the efficacy of codeine in humans. We propose that codeine acts primarily on an intermediate order holon that is either not a dominant controller of cough in awake humans or controls cough in humans only in specific situations. The model can be tested (see text).
subsystem, it could itself be regulated by higher level holons. Koestler called the entire system a holarchy. We have recently proposed that the central regulatory system for cough is a holarchy and the gating mechanism is a holon [33] .
The holarchy hypothesis may help account for the inconsistencies in the literature regarding codeine. A holarchical model that is consistent with available data is shown in Fig. 1 . One or more suprapontine pathways may represent higher order holons in the system. Their influence would not be manifest in animal models that are anesthetized or decerebrated. Indeed, the extent to which animals can experience sensations during cough is unknown. On the other hand, awake guinea pigs can be conditioned to cough in response to innocuous odors [34] which supports the concept that complex suprapontine control mechanisms exist in animals. The gating mechanism represents an intermediate level holon that is restricted to the brainstem and controls the expression of coughing during anesthesia and/or when suprapontine pathways have been eliminated by decerebration. This holon is sensitive to codeine. During consciousness in humans, suprapontine holons may control the brainstem holon for cough (the gate) and thus change its responsiveness to codeine. We have proposed the existence of a suprapontine holon (Fig. 1 ) that can actuate voluntary cough by controlling the lower order holon that is represented by the cough/respiratory pattern generator. The cough/respiratory pattern generator determines the distribution of motor drive to the respiratory muscles during cough and the temporal features of the behavior (the duration of the inspiratory, compressive, and expulsive phases). This hypothesis can be tested. For example, an antitussive drug that is effective in humans should have specific actions on coughing induced by airway pathology but have no effect on voluntary cough. Such a finding would support the existence of a holarchical control system consisting of at least one lower order holon that is sensitive to an antitussive and at least one higher order holon that is not affected by the drug. Unfortunately, testing the hypothesis in this manner will require discovery of an antitussive that is effective in humans. Further testing of this control mechanism is possible. If separate holons exist for cough associated with sensations and voluntary behaviors, as shown in Fig. 1 , the ability of a subject to produce voluntary cough should not be changed during capsaicin inhalation sufficient to elicit an urge to cough sensation.
Conclusion
Clearly the widespread notion that codeine is an effective cough suppressant is not supported by the available evidence. Codeine may in fact have efficacy to suppress cough in humans only in specific situations. The reasons for this may be related to the fact that the control mechanisms for cough appear to be far more complex than has been appreciated. As these complex control mechanisms may involve neural substrates that are only manifest during consciousness in humans, many current animal models of cough may require reevaluation. As such, the elucidation of the control of cough in humans as well as the discovery of novel and effective antitussive agents is likely to be a challenging process.
